A type-specific antigen of Neisseria gonorrhoeae was previously demonstrated by twodimensional immunoelectrophoresis? and was produced by strains adapted to growth in subcutaneous chambers in guinea pigs. This antigen was also present in 'smooth' (nonautoagglutinating) variants selected directly from the first agar cultures of three clinical isolates, without chamber passage. The type-specificity of this antigen paralleled the reactions of pili in immune electron microscopy, suggesting that the type-specific antigens were pili. However, 'rough' (autoagglutinating) variants lacking this type-specific antigen were nevertheless pilated. Examination of one strain by immune electron microscopy showed that the pili of the rough variant differed antigenically from those of the smooth variant. Pili on the rough variant tended to form extensive parallel aggregates, whereas pili on the smooth variant radiated individually from the gonococci. This physical difference might relate to the behaviour of the gonococci in suspension. The significance of pilus variation in immunity to gonococcal infection is discussed.
INTRODUCTION
Gonococcal pili have been associated with colony types T1 and T2 (Jephcott et al., 1971 ; Swanson et al., 1971) which are putatively virulent for man (Kellogg et al., 1963) . Pili from different strains have been shown, by immune electron microscopy (Novotny & Turner, 1975) and by antibod y-binding studies (Buchanan, 1978) , to be antigenically heterogeneous. Although Brinton et al. (1978) demonstrated minor common antigenic determinants and proposed the use of gonococcal pilus antigens as vaccines, Turner & Novotny (1976) , Buchanan et al. (1977) and Robertson (1979) examined the role of pilus antibody in protection against laboratory animal infection and failed to find any striking protective activity. A type-specific antigen (antigen a) (Penn et al., 1978; Parsons et al., 1979) , associated with gonococci adapted to growth in vivo in the guinea pig subcutaneous chamber model, contributed, with other antigen(s), to immunity against chamber infection with the smooth strain BS4 . Antigen a now appears to be pili, despite earlier conclusions to the contrary which were based on the assumption that one strain produced only one type of pilus (Penn et al., 1978) .
In published electron micrographs, negatively stained pili in gonococcal cultures are distributed in two ways: either well separated and radiating from gonococci (Swanson et al., 1971 ; Novotny & Turner, 1975; Ark0 et al., 1976; McGee et al., 1976) or in parallel aggregates (Jephcott & Reyn, 1971; Novotny & Turner, 1975; . The formation of pilus aggregates may be affected by the ionic strength (Robertson et al., 1977) or the pH (Swanson et al., 1971; Buchanan et al., 1973) of the suspending media, or by strain variability. We now describe differences in pilus aggregation under identical physical conditions in two variants selected in vivo from the same parent strain, and show that these During preparation of this work (originally described by Penn et aE., 1979, in a preliminary communication) for publication, two further reports of gonococcal pilus heterogeneity among variants of individual strains have appeared (Lambden et al., 1980; Salit et al., 1980) .
METHODS
Organisms. Neisseria gonorrhoeae strains BS3, BS4, CS3 and ES3 were passaged three or four times in guinea pig chambers (Penn et al., 1976 (Penn et al., , 1978 , stored in liquid nitrogen, and the first subculture on agar, BS4 (agar) etc., was used in this work. Other variants derived from strain BS (Veale et al., 1975) were obtained as follows. BS4R was a rough variant lacking antigen a, derived from BS4 by isolation from a chamber on a guinea pig immunized with the a antigen-antibody complex and challenged with BS4 . The initial culture of BS4R contained a small proportion of smooth organisms, capable of stimulating an immune response to a antigen in rabbits. Pure rough (BS4PR) cultures were obtained by prolonged vortexing of dilute suspensions of BS4R before plating and subculture of resulting single colonies (Parsons et al., 1980 Media. The organisms were grown on transparent AG agar (Veale et al., 1975) , containing 3.6 % (w/v) G.C. agar base (Oxoid), 1 % (w/v) yeast extract (Oxoid), 0.7 % (w/v) glucose and 10 % (v/v) newborn calf serum (Flow), and incubated in candle extinction jars for 24 h at 37 "C.
Autoagglutinability in suspension. Agar cultures (one loopful) were suspended in 0.2 ml Trypticase Soy Broth (TSB; BBL) or NaCl (0.15 M) in tubes (1 x 10 cm) to give approximately 1010 organisms ml-l, and rapidly vortex mixed for 15 to 30 s. Tubes were then allowed to stand for 1 to 2 min, tilted and examined from below, with transillumination by a 60 W desk lamp, for macroscopic gonococcal aggregation. In suspensions of rough cultures, this was easily seen and often the suspending medium became almost clear as the aggregates settled. In suspensions of smooth cultures, uniform dense turbidity without macroscopic aggregates was maintained for at least 5 min.
Antisera. Rabbit antisera to strains BS3 (agar), CS3 (agar) and ES3 (agar) were prepared as described previously (Penn et al., 1978) . Specific antisera to the a antigen-antibody complex were produced in guinea pigs and rabbits as described by Parsons et al. (1979) . Antisera to strains a, p, y, 8 and E were obtained from rabbits immunized with primary cultures scraped from the agar surface with a wire loop, avoiding contaminant colonies which comprised 1 to 10 % of the total. Suspensions of gonococci were prepared and diluted in TSB to give lo8 organisms ml-l (visual count using a counting chamber) and immediately injected intravenously into rabbits. Successive doses of 0-1, 0.2, 0-4 and 1-6 ml were given at 4 to 5 d intervals and animals were bled 10 d after the last injection.
Two-dimensional immunoelecrrophoresis (2DIEP). This technique was as described by Penn et al. (1978)
, using surface wash preparations (Penn et al., 1976) and the antisera described above.
Electron microscopy. The presence and morphology of pili was assessed by examination of negatively stained organisms. Organisms from agar culture sufficient to produce visible turbidity were suspended with a wire loop in distilled water. The suspension was mixed with an equal volume of 3 % (w/v) potassium phosphotungstate pH 7.2 and applied to Formvar-coated copper grids. Excess fluid was removed by capillary attraction on to filter paper, The grids were dried in air and examined in a Philips EM201 electron microscope at 80 kV. Immune electron microscopy (IEM) was based on the method of Almeida & Waterson (1969): 0.1 ml of a suspension of fresh agar-grown gonococci in TSB (lolo organisms ml-l) was added to 0.8 ml phosphate buffered saline pH 7.2 (PBS; 73 mM-NaC1,18 ~M -K H~P O~, 57 m~-N a , H P 0 3 and 0-1 ml rabbit antiserum. The mixture was incubated at 37 "C for 30 min, at 0 "C for 1 h and centrifuged at 12000 g for 20 min at 4 "C. The deposit was washed in 10 ml PBS, the centrifugation was repeated, and PBS was drained off by inversion of the tube for several minutes. The pellet was resuspended in distilled water and negatively stained as described above. 
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RESULTS

Cultural character and a antigen formation in clinical isolates
The five isolates a, p, y, 6 and e all formed predominantly small colonies on primary culture, produced pili, and formed rough suspensions. When surface washes were examined by 2DIEP with homologous rabbit antisera, lines of precipitate corresponding in shape, density and position to the a antigen precipitate were not seen, except possibly a weak reaction of the 6 strain. Isolated colonies of each strain were subcultured separately, and the resultant clones were examined for rough or smooth character. Smooth clones were not detected among 30 clones tested of strains a and p, but they were found in strains y (3/10), 6 (3/12) and 6 (2/16). These smooth clones were pilated, and produced a antigen precipitates in 2DIEP (Parsons et al., 1979 ).
Cross-reactions by 2DIEP and IEM of three guinea pig-adapted strains and smooth clones selected from three clinical isolates In IEM tests, reactions of varying intensities were observed using different sera. Reactions were classed as positive if the pilus structure was completely masked by a 'fuzzy coat' of adherent antibody molecules (e.g. Fig. 1 a) . Intermediate ( + ) reactions were those in which the pilus structure was distinguishable, with antibody molecules attached at intervals, often giving a ladder-like structure with pili held at a constant distance apart by cross-linking antibody (e.g. Fig. 1 c) , as described by . Reactions were negative if no or negligible antibody was seen attached to the pili, and pili in such preparations appeared similar to those in Fig. 2(a) . Results of cross-reactions between strains are summarized in Table 1 . Whenever the IEM reaction was positive, an a antigen precipitate was seen in 2DIEP, indicated by + in the left-hand columns in Table 1 . When IEM was negative, a precipitates were absent (indicated by -in the left-hand columns in Table l) , but in some cases intermediate IEM reactions were seen, which did not correspond with a precipitates. Thus, the presence of a precipitates correlated with strongly positive IEM reactions of pili. Five a antigen serotypes were present in this group of six strains: BS4 (agar), CS3 (agar), ES3 (agar), y/J, and e. 
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Comparison by 2DIEP and IEM of rough and smooth variants oj'strain BS
The a precipitate in 2DIEP was originally seen when surface washes of strain BS4 (agar) reacted with rabbit antiserum to live homologous organisms (Penn et al., 1978; Parsons et al., 1979) . In IEM, the pili of the smooth variant BS4 (agar) reacted strongly with this antiserum (Fig. la) , and with antiserum specific for the a antigen prepared by injecting guinea pigs or rabbits with excised a immunoprecipitates. Surface washes of the rough variant BS4R formed no a precipitates in 2DIEP with antisera either to whole smooth organisms or to a immunoprecipitates, but pili from this variant gave intermediate reactions with these antisera (Fig. l b ) . Like BS4R, strain BSDH surface washes did not form a precipitates, and IEM reactions of pili were similar to those of BS4R. Antiserum from rabbits immunized with BS4PR did not form a precipitates with BS4 (agar) surface washes, but gave intermediate IEM reactions both with pili from BS4 (agar) (Fig. lc) and with homologous pili (Fig. 1 d) . The latter reaction appeared stronger than the former, but was difficult to assess due to spontaneous aggregation of pili. These results are summarized in Table 1 . Physical character of pili jkom rough and smooth variants Cultures of strain BS4 (agar) suspended in distilled water and immediately negatively stained (no centrifugation) always showed pili with minimal aggregation radiating from organisms (Fig. 2a) . In contrast, cultures of strain BS4R, prepared similarly, contained many extensive lateral aggregates of pili (Fig. 2 b) , sometimes detached from organisms ; this effect was accentuated by centrifugation during preparation of cultures for IEM, and was observed in control preparations of BS4R treated with normal rabbit serum. Pili of strain BSDH also formed aggregates, but they were seen less frequently than in strain BS4R.
D I S C U S S I O N
The correlation between detection of antigen a in 2DIEP and strong reactions of pili in IEM ( Table 1 ) strongly indicated that the antigen was pilus-associated. Previously, we inferred that this antigen was not pili, since it was not detected in the pilated strain BSDH (Penn et al., 1978) . However, the evidence for antigenic variation of pili among variants of the BS strain invalidates the inference.
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We have used the terms ' smooth' and 'rough' to describe non-autoagglutinating and autoagglutinating cultures, respectively, according to the nomenclature of Wilson & Miles (1975) . Previously, autoagglutination of gonococcal cultures has been associated with the pilated colony types T1 and T2, whereas non-pilated colony types T3 and T4 did not strongly autoagglutinate (Kellogg et al., 1963 ; Jephcott & Reyn, 1971 ; Jephcott et al., 1971 ; Swanson et al., 1971) . In contrast, we describe here the smooth character of some pilated strains. Autoagglutination is often associated with pilation in many bacterial species (Brinton et al., 1978) , but a correlation between the presence of a particular pilus type and the absence of autoagglutination has not been reported. The exact role of pili in these phenomena is not clear. Mutual repulsion of pili from adjacent cells of smooth cultures might prevent autoagglutination, but there was little evidence from electron microscopy that aggregation of pili from adjacent cells mediated autoagglutination of rough cultures, although preparation of cultures for electron microscopy might have disrupted any such linkages. An alternative explanation for rough-smooth variation is that differences in outer membrane proteins between variants are responsible for differences in autoagglutinability. However, the very strong correlation between expression of pilus antigen a and smooth behaviour in suspensions of the six strains described argues against this, unless there is a close genetic linkage between genes for pilus antigens and for outer membrane proteins, leading to co-variation. Preliminary observations of the outer membrane protein content of surface washes by polyacrylamide gel electrophoresis (Laemmli, 1970) failed to show differences between variants BS4 (agar) and BS4R, although this possibility cannot yet be excluded.
The correlation between smooth character and possession of antigen a was first noticed during subculture of single colonies of a strain (BS4) adapted to growth in guinea pig chambers . Provided small, pilated colony types were selected for subculture, smooth character of the resulting clones was a reliable marker for the presence of pilus antigen a. (Large, non-pilated colony types T3 or T4 would also give smooth clones, but these would not possess antigen a.) By this means antigen a-positive clones were identified in clinical isolates, and comprised a minority (10 to 30 %) of clones in three of five isolates examined; thus their significance in human infection may not be great. However, the a determinant of pili appears to be immunologically potent, since, when antisera to these clinical isolates were raised against the primary cultures unselected for antigen a, ample antibody responses to the a antigens occurred. This phenomenon was also apparent when antisera were raised against strains BSDH or BS4R; in neither strain could antigen a be detected, yet antibody to it was induced, presumably by a small minority of antigen a-positive organisms (Parsons et al., 1980) . Antigen a appears to provide another example of antigenic diversity of pili between strains which is well documented (Novotny & Turner, 1975; Brinton et al., 1978 ; Buchanan, 1978) . The existence of minor, common antigenic determinants on pili of different serotypes has also been reported (Brinton et al., 1978) and it is probably responsible for the intermediate reactions between pili in IEM, which do not correlate with formation of an a immunoprecipitate. Antigenic variants of pili within a strain have not been described in detail, although Novotny & Turner (1975) noted antigenic heterogeneity of pili within a culture, revealed by IEM. The variants described here might be separate strains derived from a mixed culture at initial isolation. This is unlikely in the case of the variants of the laboratory strain BS, which have been investigated here in detail. Strain BS had been selectively subcultured for small colony type from single colonies many times in vitro, before serial passage in guinea pig chambers. However, clinical isolates y, 6 and 8 were not subcultured extensively, and their ' smooth variants ' might have represented separate strains present as a minority in the original isolates.
Physical heterogeneity of purified pili from the same strain, which separated into two bands on isoelectric focusing, was reported by Robertson et al. (1977) , and colony opacity Gonococcal pilus heterogeneity 201 variants which produced pili differing physically have also been described (Salit & Gotschlich, 1978; Salit et al., 1980; Lambden et al., 1980) . Aggregation differences in pili between variants of strain BS suggested similar physical heterogeneity of pili, but there were no detectable differences in colony morphology or opacity between variants BS4 (agar) and BS4R, both of which formed small, 'double highlight' (DH) colonies (Penn et al., 1977) .
The existence of antigenic variant pilus types within a strain has important implications for gonococcal immunity. Gonococcal pili have been proposed as the basis for a vaccine for human use (Brinton et al., 1978) , and we have shown that antigen a of strain BS4 (agar) contributes to immunity . However, on challenge with BS4 (known to be heterogeneous) of guinea pigs immunized with antigen a, organisms of the BS4R variant appeared to be selected from the challenge population (Parsons et al., 1979) . Thus, immunity appeared to have been circumvented by selection of variant gonococci, which emphasizes the difficulty inherent in attempts to immunize against this notoriously variable organism with purified bacterial fractions.
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